Mass administration of azithromycin to eliminate blindness due to trachoma has raised concerns regarding the emergence of antimicrobial resistance. During 2000, we compared the antimicrobial resistance of nasopharyngeal pneumococcal isolates recovered from and the prevalence of impetigo, respiratory symptoms, and diarrhea among 458 children in Nepal before and after mass administration of azithromycin. No azithromycinresistant pneumococci were isolated except from 4.3% of children who had received azithromycin during 2 previous mass treatments ( ). There were decreases in the prevalence of impetigo (from 14% to 6% of P ! .001 subjects; adjusted odds ratio [OR], 0.41; 95% confidence interval [CI], 0.21-0.80) and diarrhea (from 32% to 11%; adjusted OR, 0.26; 95% CI, 0.14-0.43) 10 days after azithromycin treatment. The absence of macrolideresistant isolates after 1 mass treatment with azithromycin is encouraging, although the recovery of azithromycin-resistant isolates after 2 mass treatments suggests the need for resistance monitoring when multiple rounds of antimicrobial treatment are given.
The World Health Organization and international partners have initiated a global campaign to eliminate blindness due to trachoma by the year 2020 (the Global Elimination of Blindness due to Trachoma [GET2020] program) [1] . The strategy to control endemic trachoma and prevent the resulting blindness includes improvement of hygiene and mass administration of antimicrobial agents. Azithromycin is the most effective agent that has been tested for this purpose; a single dose or short course of azithromycin has been shown to decrease the prevalence of endemic trachoma among children [2] [3] [4] [5] . One concern with the mass administration of a long-acting, broad-spectrum antimicrobial agent such as azithromycin is that it may lead to the emergence of antimicrobial resistance, both in Chlamydia trachomatis and in other bacterial pathogens. Because the global trachoma campaign has recently been initiated, it is an opportune time to document the potential for adverse effects that might inadvertently be caused by this elimination strategy.
Monitoring antimicrobial resistance in C. trachomatis remains technically challenging and has not been done after mass antimicrobial treatment. However, results from several small studies have raised concerns that azithromycin-resistant Streptococcus pneumoniae iso- Figure 1 . Flow chart distinguishing groups according to receipt of azithromycin treatment and method of data collection. Circles containing the abbreviation "Az" indicate the time of mass administration of azithromycin to all children 1-10 years of age as part of an ongoing project described elsewhere [15] . Shaded swab symbol, time nasopharyngeal swab obtained, questionnaire administered, and skin examination performed. "Study period" refers to the present study to determine the secondary effects of mass administration of azithromycin.
lates are rapidly selected after mass chemoprophylaxis with azithromycin [6, 7] . S. pneumoniae is a leading bacterial cause of pneumonia, meningitis, and bloodstream infections in many parts of the world, and a correlation between increasing macrolide use in the community and increasing macrolide resistance among streptococci has been reported [8, 9] . Also, macrolide resistance in S. pneumoniae is often associated with resistance to other classes of antimicrobials, including sulfa and penicillin agents [10] , which are recommended for the treatment of childhood infections in countries where trachoma is endemic [11] . This may have important implications if mass administration of azithromycin leads to the emergence of resistance to the drugs available for treatment of pneumonia in countries targeted by GET2020.
In addition to reducing the prevalence of trachoma, mass treatment with azithromycin may have other beneficial outcomes [12, 13] . Organisms that are susceptible to broadspectrum macrolides will likely be affected by a mass treatment campaign, including those that cause a variety of skin diseases, diarrhea, and acute respiratory infections [14] . We studied the secondary effects of mass treatment with azithromycin for the elimination of blindness due to trachoma in Nepal, including the community prevalence of antimicrobial-resistant pneumococci, impetigo, and symptoms of respiratory and gastrointestinal illness.
METHODS

Setting.
Our study was conducted between May and November 2000 in 8 wards in the districts of Kailali and Kanchanpur, in the Seti and Mahakali zones, in far-western Nepal.
Herein, Nepalese wards are referred to as "villages." The prevalence of trachoma in the districts of Kailali and Kanchanpur ranges from 3% to 39% [15] . This study was coordinated with an ongoing project, initiated in November 1998, to administer a single dose of azithromycin (20 mg/kg) annually to all village children aged 1-10 years [15] . Azithromycin was distributed to the children in the 8 study villages in an incremental manner (figure 1). The 1-time oral ingestion of azithromycin by each child was supervised by project managers [15] .
Participants. We randomly selected 60 children from each of the 8 villages during the follow-up eye examinations, an organized event during which all children gathered in 1 location. Written informed consent was obtained from parents or guardians for each child, and the study protocol was approved by the Nepal Health Research Council and Social Welfare Council and Centers for Disease Control and Prevention (CDC) institutional review board and was performed in accordance with the ethical standards of the Helsinki Declaration of 1975, as revised in 1983.
We collected data at 3 time points: day 0 (i.e., the day of azithromycin administration), day 10, and day 180. At the time our study began, the children in the 8 villages were classified into 3 groups according to their history of exposure to azithromycin (figure 1). On day 0, after data collection was complete, all children aged 1-10 years living in the 3 villages who had never been exposed to azithromycin received a single dose of azithromycin for the first time (these children comprised the current treatment group). None of the children in the other villages received mass treatment with azithromycin at this time. We did not collect data on day 10 from the group with 2 previous exposures because of logistical constraints. NOTE. Data are no. (%) of subjects unless otherwise indicated. The groups were defined as follows: the "current treatment group" received mass treatment with azithromycin on day 0; the "1 previous treatment group" received azithromycin 6 months before day 0; and the "2 previous treatments group" received azithromycin 6 and 18 months before day 0.
Data collection. We obtained nasopharyngeal swabs from each child at each visit and used skim milk-tryptone-glucoseglycerin medium for preservation and transport of the swabs, as described elsewhere [16] . A skin examination of each child was done by a physician at each of the 3 time points. The presence of impetigo was recorded, according to clinical appearance, as "definite," "possible," or "none"; only those lesions recorded as "definite" were included in the analysis. The parent or guardian of each child was interviewed in the local language (Rana Tharu, Dangaura Tharu, or Nepali dialects) by an interviewer previously trained in interviewing techniques. We collected personal and household information on day 0 and information regarding antimicrobial use and symptoms that the child experienced during the previous 2 weeks at each time point. Diarrhea was defined as у3 loose stools per day. We inquired about skin lesions consistent with impetigo by showing parents a color photograph of a lower-extremity impetigo lesion.
Laboratory studies. All nasopharyngeal swab specimens were stored at Ϫ20ЊC or Ϫ70ЊC, transported on ice, and processed at the CDC, as described elsewhere [16] . To test the efficiency of the transportation process, we processed a portion of the first 50 and the third 50 specimens in Nepal and the remaining portion at the CDC, and we compared the respective proportions of specimens from which S. pneumoniae were isolated. Antibiotic susceptibilities for azithromycin, penicillin, chloramphenicol, trimethoprim, sulfamethoxazole, clindamycin, and cefuroxime were determined by broth dilution MIC testing. We used National Committee for Clinical Laboratory Standards break points for nonsusceptibility (which included the categories "intermediately susceptible" and "resistant") to azithromycin, penicillin, chloramphenicol, trimethoprim, sulfamethoxazole, clindamycin, and cefuroxime [17] . Serotypes were determined by Quellung reaction.
Statistical analysis. All data were double-entered, and discrepancies were verified against the original record. For comparison of data for 2 time points, crude 2-tailed P values were calculated with the x 2 test for dichotomous variables or the Wilcoxon sign-rank test for continuous variables. For comparison within 1 group of data from 2 time points, crude P values were calculated by use of McNemar's paired analysis to account for repeated measures for the same individual. P р was considered statistically significant. Missing values were .05 excluded from the analysis. Multivariate models were investigated by use of generalized estimating equations with exchangeable working correlations to account for the repeated assessment of the same subjects. SUDAAN software, version 7 (Research Triangle Institute), was used to account for the clustered study design. The current treatment group at day 0 was the reference group. Risk factors were included in the multivariate analysis if they were determined to be potential confounders on the basis of previously published information or significantly ( ) associated with illness in this investi-P р .05 gation. All 2-way interactions were evaluated.
RESULTS
Comparison of groups.
We enrolled 458 children. Parents were unavailable to sign consent forms for 22 children. At day 0, the 3 groups were similar with regard to sex and age distribution (table 1) . On the basis of parents's reports, the 3 groups were also similar with respect to the proportion who had received antimicrobial agents other than azithromycin in the previous month (current treatment group, 32% of subjects; 1 previous treatment group, 33%; 2 previous treatments group, 26%). None of the parents were able to recall the name of the antimicrobial agent or to produce a container with a medication identification label; therefore, we were unable to verify the use of antibiotic agents in the previous month. The groups who had received 1 and 2 previous treatments tended to include fewer children who lived in homes with 13 children !11 years of age than did the current treatment group, although the dif- Azithromycin resistant 0 (0) 0 (0) 4 (5) c NOTE. The groups were defined as follows: the "current treatment group" received mass treatment with azithromycin on day 0; the "1 previous treatment group" received azithromycin 6 months before day 0; and the "2 previous treatments group" received azithromycin 6 and 18 months before day 0. ferences were not statistically significant ( and P p .06 P p , respectively). The proportion of children with impetigo .08 that was documented by skin examination was the same at baseline in all 3 groups, as was the proportion of children with cough and diarrhea during the 2 weeks previous to baseline. There was good participation during follow-up visits at day 10 (current treatment group, 95% of subjects; 1 previous treatment group, 91% of subjects) and day 180 (current treatment group, 89%; 1 previous treatment group, 86%; 2 previous treatments group, 90%).
S. pneumoniae carriage and antimicrobial susceptibility of isolates. Pneumococci were isolated from similar proportions of the 100 naspharyngeal swab specimens tested both in Nepal and at the CDC (86 samples vs. 90). The prevalence of nasopharyngeal carriage of S. pneumoniae in the 3 groups ranged from 80% to 89% of subjects (table 2). In the group treated with azithromycin on day 0, the proportion of subjects who had carriage of S. pneumoniae decreased from 85% before treatment to 42% 10 days after azithromycin treatment (adjusted ). The prevalence of carriage did not change P ! .001 between day 0 and day 10 in the group that was not currently receiving antimicrobial treatment.
For the current treatment group, we did not recover azithromycin-resistant S. pneumoniae from the samples obtained before treatment or the samples obtained 10 days or 6 months after a single treatment (table 2) . Nor did we recover azithromycin-resistant pneumococci from samples obtained 6 months or 1 year after a single treatment from the group who had 1 previous exposure to azithromycin. However, in the group with 2 previous exposures to azithromycin, 2 (2%) of 92 pneumococcal isolates had resistance to azithromycin documented at day 0 ( vs. the other 2 groups), which was P p .05 6 months after they received their second treatment, and 4 (4.5%) of 88 isolates had azithromycin resistance documented at day 180 ( vs. the other 2 groups) 1 year after they P p .002 received their second treatment. Both of the azithromycin- NOTE. The reference group is the current treatment group at day 0. The model is adjusted for time point (i.e., study day), group, sex, age, and repeated assessments and is nested by group, village, and household. The groups were defined as follows: the "current treatment group" received mass treatment with azithromycin on day 0; the "1 previous treatment group" received azithromycin 6 months before day 0. a Significant difference ( ). P ! .05 resistant isolates recovered from samples obtained at day 0 were serotype 19A; they were recovered from children in different households but in the same village. Of the 4 azithromycinresistant isolates documented at day 180, 3 were recovered from children in the same village; 1 of these children had a resistant isolate on day 0. Two isolates were serotype 19A, and 1 isolate was serotype 11A. The other azithromycin-resistant isolate, which was recovered from a child in another village, was serotype 11A. Because 1 child carried a resistant strain both documented at day 0 and at day 180, the overall prevalence of azithromycin-resistant pneumococci in the group with 2 previous exposures was 4.3% (5 of 115 subjects; vs. the P ! .001 other 2 groups). There was no difference in the number of azithromycin-resistant isolates at day 0 and at day 180 in the group with 2 previous azithromycin exposures ( ). All P p .63 azithromycin-resistant isolates were susceptible to clindamycin; pneumococcal strains with inducible ermB methylase gene are usually susceptible to clindamycin.
Sulfamethoxazole resistance in the pneumococcal isolates was common. Resistance to chloramphenicol and penicillin was less common; all 7 of the chloramphenicol-resistant isolates were also resistant to sulfamethoxazole (table 2). None of the azithromycin-resistant isolates were resistant to sulfamethoxazole, penicillin, or chloramphenicol.
Beneficial effects. In the current treatment group, the proportion of children with impetigo had decreased significantly at day 10 after the administration of azithromycin (table 3) and had returned to the baseline value 6 months later (figure 2). No difference was seen in the proportion of children with impetigo between day 0 and day 10 in the group that was not currently receiving treatment. Similarly, fewer children in the current treatment group were reported by parents to have skin lesions on day 10 than did on day 0 ( At day 180, the proportion of children with impetigo was similar to the proportion at day 0 in both the current treatment group (13% of subjects; adjusted OR, 1.01; 95% CI, 0.54-1.89) and the 1 previous treatment group (22% of subjects; adjusted OR, 1.23; 95% CI, 0.73-2.06). These results were not confounded by receipt of antibiotics by the child or siblings during the previous month.
The proportions of children with reported diarrhea, abdominal pain, and vomiting in the current treatment group had decreased at day 10 (table 3). There were no differences in the proportions of children with diarrhea, abdominal pain, or vomiting between day 0 and day 10 in the group that did not receive azithromycin 10 days earlier. Antibiotic use by the child or siblings during the previous month did not confound these results. Diarrhea was less commonly reported in the winter (i.e., at day 180) than in the spring (i.e., at day 0) in all groups (figure 2). There were no differences between groups in the proportions of children reported to have cough, shortness of breath, fever, headache, or general illness. When parents were asked whether they knew why azithromycin was administered to their child, few identified illness of the eye, skin, respiration, or digestive system as a reason (current treatment group: at day 0, 7% of subjects; at day 180, 3%; 1 previous treatment Figure 2 . Comparison of proportions of children with symptoms of gastrointestinal illness (reported during interview) and impetigo (detected by skin examination) at days 0, 10, and 180 after administration of azithromycin. NA, not applicable because no nasopharyngeal swabs were obtained at day 10. * for comparison with day 0. P ! .05 group: at day 0, 5% of subjects; at day 180, 3%; 2 previous treatments group: at day 0, 26% of subjects; at day 180, 7%).
DISCUSSION
In rural Nepal, we found no macrolide resistance among pneumococcal isolates recovered from specimens obtained from children before administration of a single mass treatment with azithromycin, and we found none 10 days and 6 months after the mass treatment. In children from 2 villages that had received 2 consecutive mass treatments, a small number of macrolideresistant pneumococci persisted 1 year after the second treatment. We did not find a change in the proportion of pneumococci recovered after azithromycin treatment that were resistant to sulfa or penicillin agents, relative to the proportion recovered before azithromycin treatment. Because no intervention has been shown to be as effective as administration of antimicrobial agents in reducing the prevalence of endemic trachoma [2] [3] [4] [5] 18] , mass treatment with azithromycin will be critical in reducing the prevalence of endemic trachoma and achieving the GET2020 goal of eradication. Therefore, our results are encouraging for the initial phase of the GET2020 campaign.
It is estimated that ∼6 million cases of blindness worldwide are due to trachoma [19] . The reduction of the prevalence of endemic trachoma by means of azithromycin therapy is a cornerstone of the GET2020 strategy and is anticipated to be the principal long-term beneficial effect of such mass treatment. We found short-term beneficial effects as well, including a reduction in the number of children with symptoms of diarrhea and children with impetigo. Investigators in The Gambia, a region with high rates of malaria transmission, also noted fewer episodes of fever and headache, symptoms consistent with acute malaria, as well as less diarrhea and vomiting among children who received azithromycin for the reduction of blindness due to trachoma [10] . Diarrhea is a leading cause of childhood mortality in many countries where trachoma is endemic [20] . Also, in some children, impetigo caused by group A streptococci can be complicated by glomerulonephritis. Antibiotic prophylaxis has been used to reduce the frequency of group A streptococcal infections among military recruits in the United States [21, 22] . Although the rate of malaria transmission is low in Nepal, malaria is a leading cause of childhood mortality in other regions in which trachoma is endemic. We have no evidence that these transient effects of azithromycin use result in any lasting health benefits. Although these small benefits alone do not warrant mass treatment with azithromycin, parents may appreciate these additional benefits, especially if the distribution of azithromycin coincides with the seasonal peak for these syndromes.
In Western countries, the increasing prevalence of macrolide resistance in Streptococcus species in the community has been correlated with increasing macrolide use in the community [8, 9] . Two mechanisms can explain an increase in the proportion of pneumococci that are antimicrobial resistant: selective expansion of resistant clones that already exist in the community or induction of new resistant isolates [23] . In far-western Nepal, a survey of pharmacies and pharmaceutical distribution centers indicated that macrolide antibiotic use was uncommon [24] ; therefore, macrolide antimicrobial pressure is placed on pneumococci in these communities only once a year, when the single mass treatment is administered. From our study, it appears that 2 consecutive annual treatments may be enough to induce a small number of macrolide-resistant pneumococcal strains in the community. If annual treatments were continued in these communities, which now have circulating resistant organisms, it is unclear what the effect on the prevalence of antimicrobial resistance would be.
In a trachoma control study among Aboriginal children in Australia, azithromycin-resistant strains were present in a small proportion of children (1.3% of those examined) before treatment with azithromycin was initiated [6] . Azithromycin treatment resulted in a statistically significant increase in the prevalence of nasopharyngeal carriage of macrolide-resistant S. pneumoniae 3-4 weeks and 2 months after treatment (to 15.8% and 27% of children, respectively). At 6 months, the prevalence of carriage of resistant isolates had decreased (to 5.1% of chil- dren). These findings differ from ours, most likely because azithromycin-resistant pneumococci were already circulating in the Australian community before initiation of mass treatment. Together, these study results suggest that the effect of mass treatment on the prevalence of antimicrobial resistance in communities that will require multiple mass treatments or communities with macrolide-resistant organisms circulating before treatment may warrant future investigation.
Because the potential exists to induce antimicrobial-resistant pneumococci after multiple mass treatments, methods that maintain the beneficial effects of azithromycin and reduce the need for multiple treatments may become increasingly important in the campaign to eradicate trachoma. Improvements in environmental hygienic conditions may minimize the prevalence of trachoma in communities [25] ; however, more research is needed to better define C. trachomatis reservoirs and modes of transmission. Efforts to identify and optimize environmental factors that facilitate the eradication effort may minimize the need for multiple mass antimicrobial treatments and the need for expensive monitoring systems.
Although it is unlikely that our primary finding, the prevalence of antimicrobial-resistant pneumococci, was influenced by potential biases, some of our results should be interpreted cautiously. One-third of parents from all villages reported that their children had received antimicrobial agents in the month previous to the study; we were unable to determine which agents were used in each village or to verify that the medication was an antimicrobial agent. Therefore, it is possible that antimicrobial agents other than azithromycin could account for the beneficial effects that we noted. However, the addition of the factor "use of an antimicrobial agent" into the multivariate analysis did not alter our findings, and all villages had a similar prevalence of resistance to antimicrobial agents other than azithromycin, which suggests the availability of similar antimicrobial agents. Therefore, it seems less likely that other antimicrobial agents account for our findings.
Our questionnaire data may have been influenced by better parent recall at day 10 than at day 0, a bias that may explain the decrease in frequency of reported respiratory symptoms, headache, and fever in both the treated and untreated groups at day 10, compared with at day 0. Also, the data obtained by interview were possibly influenced by parental perception of the effects of azithromycin. However, because no parent perceived gastrointestinal illness to be a reason for azithromycin distribution, it seems unlikely that our results suggesting that azithromycin has a beneficial effect on the incidence of diarrhea, vomiting, and abdominal pain were significantly influenced by this bias. The questionnaire data may also be biased because of interviewers who were not blinded to the treatment status of the village; however, if this were the case, we would expect all symptoms, not only gastrointestinal and skin-related symptoms, to be consistently better in treated villages.
Finally, we were unable to have a skin examination for impetigo performed by a person blinded to the treatment groups. To evaluate the potential effect of this bias, we had assessed the frequency of skin lesions separately, by asking for a report from parents, and these data were consistent with the skin examination results, which suggests that bias was unlikely to be an important explanation for our findings.
Mass administration of antimicrobial agents is a key component in several global disease elimination or control campaigns in addition to the campaign to eliminate blindness due to trachoma. These include programs to eliminate or control onchocerciasis with use of ivermectin, to prevent opportunistic infections in AIDS patients with use of cotrimoxazole, and others [26] [27] [28] [29] . Such interventions may have secondary effects, both adverse and beneficial, and efforts to quantify adverse effects should be integrated into disease-elimination campaigns. The present study provides some reassurance that the trachoma elimination campaign will not rapidly induce the emergence of antimicrobial resistance in pneumococci in regions where the prevalence of resistance is low at baseline and where !2 mass antimicrobial treatments will be needed. However, other questions about secondary effects remain unanswered. To maintain public confidence and ensure the long-term success of such global campaigns, studies such as this one should be routinely integrated into all phases of global control programs that use mass chemoprophylaxis as a major component.
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